Rare earth oxyselenides A 4 O 4 Se 3 (A = Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb and Y) were synthesised using solid state reactions and three new structure types (β, γ, and δ) were observed. A 4 O 4 Se 3 materials adopt either the α (A = Nd, Sm), β (A = Eu), γ (A = Gd, Tb) or δ (A = Dy, Ho, Er, Yb, Y) structure depending on the rare earth radius. 
Introduction
Rare earth oxychalcogenides containing both oxygen and a second group 16 element (S, Se, Te) anion have a number of potentially important properties and applications. For example there have been many studies on doped Ln 2 O 2 S systems as optical and X-ray phosphors and ceramic scintillators. Gd 2 O 2 S:Tb is used in X-ray imaging; [1] [2] [3] Y 2 O 2 S:Eu 3+ is a well-known red phosphor. 1, 4 The high visible light extinction of A 4 O 4 Se 3 (A = Nd, Sm, Gd to Ho) nanoplates has also recently been reported as giving potential application in light filters and solar cells. 5 In this paper we report the first bulk synthesis of A 4 7, 11, 12 and A 2 O 2 Se (A = La, Pr, Nd, Sm, Gd, Er, Ho, Yb). 7, 13 A liquid phase synthesis of nanoplates of A 4 O 4 Se 3 (A = Nd, Sm, Gd-Ho) has also been reported. 5 The oxygen-rich rare earth oxychalcogenides such as those investigated here have structures in which the hard/soft anions segregate into layers. For the majority of A 2 O 2 Q (Q = S, Se) phases the structure is made up of layers of A 4 O tetrahedra which share 3 edges in trigonal space group ܲ3 ഥ ݉1. Q 2-ions lie between these layers with each Q in an octahedral coordination environment. Each A site is thus 7 coordinate with four short bonds to O and three longer bonds to S (4O + 3S), Figure 1 . For A 2 O 2 Te (A = La-Nd, SmHo) 14 In this work we have developed a different synthetic route to A 4 O 4 Se 3 materials which allows access to bulk samples with smaller rare earths (down to Yb) than could be prepared previously. This has revealed a complex set of closelyrelated structure types across the series which we label as the α, β, γ and δ-A 4 O 4 Se 3 structures. The structural properties, thermal expansion and possibilities for anion disorder are discussed for each system, and magnetic/optical properties reported for selected examples.
Experimental Section
Synthesis. A 4 O 4 Se 3 (A = Nd, Sm-Er, Yb & Y) materials were synthesised from a 2:3 molar ratio A 2 O 3 and Se powders with a stoichiometric quantity of Al to act as an oxygen getter (forming Al 2 O 3 in the process). ~0.5 g total mass of A 2 O 3 and Se were weighed to within ±0.0001 g, ground together using an agate pestle and mortar, and placed in a 7 mm alumina crucible. Al powder was placed in a second crucible and both were sealed inside an 11 mm internal diameter silica tube under a pressure of 0.01 mbar. Sealed tubes were heated in a muffle furnace, with the following heat cycle: ramp at 5 °C min -1 to 600 °C and dwell for 12
hours, ramp at 0.5 °C min -1 to 800 °C and dwell for 1 hour, ramp at 1 °C min -1 to either 900 or 950 °C (synthesis temperature T) and dwell for the time as shown in Table 1 A total of 2070 frames were collected on a ~60:40 twin in ω steps of 0.3° using a data collection time of 10 s. Data were processed using GEMINI and SAINT. 19 Structure refinements were carried out using the CRYSTALS software package.
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Powder Diffraction. Laboratory X-ray powder diffraction data were collected using a Bruker D8 diffractometer operating in reflection mode with Cu Kα 1,2 radiation, a lynxeye Si strip PSD and an Oxford Cryosystems PheniX cryostat. Samples were sprinkled onto Si zero-background slides covered with a thin layer of Vaseline. Room temperature data for Rietveld refinement were collected for 12 hours over the 2θ range 5-120°; variable temperature scans to measure thermal expansion were measured for 20 minute at 5 K intervals on cooling and warming between 12 and 300 K. Powder diffraction data were analysed by the Rietveld method using the Topas Academic (TA) software 21, 22 controlled using local subroutines. High resolution synchrotron powder diffraction data were collected using beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory using an average wavelength of 0.413850 Å. Discrete detectors covering an angular range from -6 to 16° 2θ were scanned over a 34° 2θ range, with data points collected every 0.001° 2θ at a scan speed of 0.01°/s. 23, 24 Samples were diluted with amorphous SiO 2 to keep absorption µr to < 1.5 cm -1 and sealed inside polyimide capillaries. Magnetic measurements were carried out using a Quantum Design SQUID magnetometer in the temperature range 2-300 K on samples (c.a. 0.1 g) mounted in gelatin capsules. Diffuse reflectance spectra were obtained by illuminating a sample ground with dry NaCl (~25% w/w) using an Energetiq LDLS EQ-99 broadband lamp and collected at 20° to the excitation using an Ocean Optics Maya Pro 2000 spectrometer. Data were recorded using the Ocean Optics software and integration times were adjusted to afford maximum response of the spectrometer without saturating the detector. NaCl was used as a reference. The data were used to calculate the reflectance spectra R and the absorptance A (~1-R) and the band gap (E g ) was derived from the A -ℏω 1/2 or A -ℏω 2 curves according to the indirect/direct band gap models. 25 Electronic structure calculations for Eu 4 O 4 Se 3 were performed within the ab initio density functional theory (DFT), plane-wave, pseudo-potential formalism as implemented in the CASTEP 26, 27 code. The structure model used was that obtained from refinements reported here. The electronic wave functions were expanded in a plane wave basis set up to a kinetic energy cut off of 550 eV. The electron-ion interactions were described using ultrasoft pseudo potentials from the CASTEP database. Integrations in the Brillouin zone were done with a Monkhorst-Pack k-point sampling scheme with k-points spaced at 0.04 Å -1 . The exchange-correlation functional was selected as Local Spin polarized Density Approximation (LSDA). The convergence total energy difference was set as 10 -9 meV per atom. During the calculations a Hubbard U = 6 eV for 4f electrons of Eu was applied. Powder X-ray diffraction data of selected phases are shown in Figure 2 . Whilst there are broad similarities between all patterns there are also a number of significant differences. Firstly, several peaks (e.g. those around 26 and 36° 2θ shaded pink in Figure 2 ) show clear splitting for some compositions suggesting a reduction in symmetry from orthorhombic. Secondly, some peaks which are strong for the published structure of Nd 4 O 4 Se 3 (yellow in Figure 2 ) are weak or absent in other phases. As discussed below, these changes reveal 4 distinct structure types for this family which we have labelled α-δ. Single crystal measurements confirmed this cell and the structure was solved and refined using charge flipping and difference Fourier techniques within the Crystals software suite. 20 Crystallographic details are given in Tables 2 and 3 and derived bond distances are given in Supporting Information. The single crystal model gave an excellent Rietveld fit to synchrotron powder diffraction data, Figure 3 , confirming both the structural model and phase purity of bulk samples. 
Results and Discussion

Measured reflections 3945
Independent reflections 1681 The the a-axis as found in the α-A 4 O 4 Se 3 structure. The principal structural difference between α and β is in that alternate Se chains have an offset along the a-direction in the β structure type whereas they do not in the α-structure, Figure 4 . and an excellent Rietveld fit could be achieved using the structural model given in Table 4 . The final Rietveld fit for A = Gd is given in Figure 6 and that for A = Tb as Supporting Information. cation in the layer above. If one superimposes these four possible chain origins one would create a pattern of Se sites as in Figure 9 with a periodic zig-zag wave of Se. This 'wave' is remarkably similar to the Se distribution determined in the disordered models of the γ and δ structures. It therefore seems likely that these materials again contain ordered individual Se 2-/ Se 2 2-chains, but that the relative offset of these chains is disordered on the X-ray length scale. . Each such defect would eliminate a single Se from the structure, would be of low energy, and could eliminate local strain for the smaller rare earths where the A 4 O 4 Se 3 composition is less stable. Diffuse Reflectance Measurements. Diffuse reflectance spectra for each sample are included in Supporting Information. From a band structure view, the energy difference between the highest point of the valence band and the lowest point of conduction band is defined as the band gap E g of the material. If the two points are at the same k-vector line, the band gap is direct; otherwise it is indirect. According to the different band gap types [direct band gap E g (d) or indirect band gap E g (i)], the absorbance A shows different trends as a function of photon energy.
where C is the coefficient, and i and d indicate the direct or indirect band gap respectively. However, it is often difficult to determine the band gap type directly from diffuse reflectance measurements and a band gap higher than the true gap may be recorded. We therefore choose to derive E g from both A -ℏω
and A -ℏω 2 curves (see the supporting information). These are listed in Magnetism. Magnetic susceptibility data for the high purity samples A = Eu, Gd, Tb and Dy are shown in Figure 10 and extracted parameters in Figure SI10 and Figure SI11 . Because the LDA method often underestimates the band gap for semiconductors, the calculations predict a half-metallic 30 
